A series of wind tunnel experiments with different densities of car roughness elements was carried out to measure wind velocities and drag forces caused by the roughness elements. Next, CFD predictions with the 'Vehicle Canopy Model' were carried out for the same targets as these in the wind tunnel tests. The model coefficient included in a 'Vehicle Canopy Model' proposed by the present authors was determined based on the comparison of CFD results with the experimental results.
INTRODUCTION
Recently, the present authors have proposed a 'Vehicle Canopy Model' describing the effects of moving automobiles on wind environment and turbulent diffusion of air pollutants in urban street canyons. In our previous research, the basic concept and the mathematical expressions of 'Vehicle Canopy Model' were proposed and outlined. The examples of applications using this model were also given [Mochida et al. 2006 , Mochida et al. 2008 . The aims of this study are to determine the model coefficients of the abovementioned model and to examine its accuracy. A series of wind tunnel experiments with different densities of car-shaped roughness elements was carried out to measure wind velocities and drag forces caused by the roughness elements. By comparing the CFD results with wind tunnel data, the model coefficients were then optimized.
OUTLINE OF VEHICLE CANOPY MODEL [MOCHIDA ET AL.2008]
The Vehicle Canopy Model proposed in our previous study was derived based on the k- model in which extra terms were added into the transport equations. Table 1 shows the basic equations of k- model incorporating the effects of objects which have sizes smaller than the computational mesh, such as trees, automobiles etc. Here, the effects of each individual moving automobiles were not directly modelled, instead, the total effects of all moving automobiles existed on the street were considered as a whole. The aerodynamic effects of moving Table 1 : k- model incorporating the effects of small scale objects 
< f >: ensemble-averaged value of f, : spatial-average of ensemble-averaged value (< f >) G: the ratio of fluid volume against unit volume 
automobiles were modelled based on the methodology of canopy model. Similarly to the tree canopy and building canopy models, the extra term "-F i " added in the momentum equation gives the effect of moving automobiles on velocity change, while the other extra terms "+F k " and "+F  " were put in the transport equations of turbulent kinetic energy k and energy dissipation rate  to simulate the effects of moving automobiles on the amount of increase in turbulent kinetic energy and energy dissipation rate respectively. Table 2 describes the expressions of these extra terms. The extra term of "-F i " was defined as a function of wind velocity   i u in the building canopy and tree canopy models [Hiraoka 1993 , Maruyama 1993 . In modelling vehicle canopy,
u was replaced by the relative velocity between wind velocity and moving speed of automobiles [Mochida et al.2008] . G is defined as a ratio of fluid volume per test volume. Here, we assume an imaginary box where the automobile is filled in without gaps. Based on the proposed definitions of effective area and length scale of building canopy model by Maruyama [Maruyama 1995] , A car is defined as the average 4-side area of the box and L is defined as the average circumference length of the box [Mochida et al.2008] .
OUTLINE OF WIND TUNNEL EXPERIMENTS
A series of wind tunnel measurements of wind velocity over vehicle canopy layer and the drag force caused by a group of the simplified car-shaped molds (Fig. 2(1) ) and the miniature cars ( Fig. 2(2) ) were carried out under the conditions with different staggered array mold densities. The experiments were carried out in a low speed singlereturn wind tunnel at the Interdisciplinary Graduate School of Engineering Science, Kyushu University ] (Note1). Roughness volume density r (z) was defined as a volume of car-shaped mold against unit volume V car /V unit (=1-G) and was given in the upper and lower parts separately (cf. Table 2 ) Table 2 Table 2 ) Table 2) (2) Miniature car [Maruyama 1993 [Maruyama , 1995 
CFD PREDICTION FOR THE SIMPLIFIED CAR-SHAPED MOLDS
CFD predictions with the developed 'Vehicle Canopy Model' were carried out for the same target as those in the wind tunnel tests described in the previous section. Test cases of CFD prediction targeting at the simplified carshaped molds (cf. Fig. 2(1) ) are shown in Table 3 . Maruyama developed a canopy model expressing the effects of small scale buildings whose sizes are smaller than the grid size of the computational mesh and also obtained a detailed database from a series of wind tunnel tests when determining the model coefficients. In this study, coefficient for drag term "-F i " of automobiles C f-car and the model coefficients included in the extra term added to transport equation, C -car (cf. Table2) were determined based on the database for the building canopy model produced by Maruyama, as shown in Fig. 4 [ Maruyama 1993 Maruyama , 1995 , and the validity of this treatment was examined through a comparison between the results of measurements and CFD predictions. The moving speed of the vehicle was set at 0m/s and the standard k- model was used in these predictions. Details of the computational conditions can be found in our previous paper [Mochida et al.2008] .
Drag forces of the cases with different roughness densities  r are compared in Table 4 . Here, the drag force was evaluated as the sum of the form drag caused by all car-shaped molds existed in the canopy layer Table 4 shows drag coefficient C d and two elements composing the drag force. The C d values obtained by CFD prediction showed generally good agreement. Thus, it can be said that Maruyama model which was developed for reproducing the effects of building canopy can be sufficiently applied to the predictions for the simplified car-shaped molds case. Next, CFD predictions of flow over a group of the realistic car-shaped molds (cf. Fig. 2(2) ) were carried out.
(1) Simplified car mold 
CFD PREDICTION FOR THE REALISTIC CAR SHAPED MOLDS
Test cases are shown in Table 5 . In these predictions, coefficients for drag term "-F i " of automobiles C f-car were decreased compared with the values given by Maruyama. The drag forces of the stream-lined miniature cars obtained by the wind tunnel experiment were generally smaller than those of the simplified car-shaped molds composed of two cubic blocks. By comparing the result of drag forces and wind velocities measured in wind tunnel tests, C f-car values for the miniature cars were estimated to be about 30% of the values given by the Maruyama model for building canopy. In this section, the validity of this treatment is examined through a comparison between the results of experiments and CFD predictions. [Maruyama 1993 [Maruyama , 1995 and "0.3m"means the cases where C f-car values were set to the values given by Maruyama model×0.3 was greatly decreased (cf. Fig. 5(2) ). In Fig. 5(3) , the results with the C f-car value decreased to 30% of the value given by the Maruyama model showed generally good agreement with those of experiments. 
CONCLUSIONS
1) A series of wind tunnel measurements of wind velocities and drag forces was carried out by using the simplified-car shaped molds composed of two cubic blocks and miniature cars with different roughness volume densities. The accuracy of 'Vehicle Canopy Model' proposed by the present authors for expressing the effects of automobiles on turbulent flowfield was examined by comparing its results with wind tunnel data.
2) It was found that the methodology of the building canopy model proposed by Maruyama could be sufficiently applied to the predictions for the simplified car-shaped molds cases. CFD results obtained using the values of the two model coefficients C f-car and C -car given by the Maruyama model showed generally good agreement with experimental data for these cases.
3) On the other hand, it was estimated from the experimental data that C f-car values for the stream-lined miniature cars were about 30% of the values given by the Maruyama model. The drag coefficients of the miniature cars predicted using the estimated C f-car values showed very close agreement with those of experiments.
Notes
1. The inflow turbulent boundary layer was generated by using the roughness composed of staggered arrayed cubic blocks located at the windward side. The floor of wind tunnel has a square void, in which floating element with a base is attached. The total drag force acting upon a floating element was directly measured using a strain gauge. Details of the experimental device can be found in the present conference paper of Hagishima and Tanimoto . The vertical profiles of wind velocities were measured by the split film probes ( Fig.2) 
